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Our recent paper [1] contains an error in the formula for the high frequency Hall constant for the experimentally 
relevant case of electron doping. Eq(3) giving the high frequency Hall constant for the case of electron filling, i.e. 
electron density n > 1, should correctly read 

^"^'Wl'^W^) (Cases A(i) or B(ii)) Eq(3') 

where 5 — |1 — n|. This differs essentially from the quoted answer by a minus sign that was missed by us, and by a 
factor of 2. This equation is obtained from Eq(2) in the paper, calculated for the case of hole doping n < 1, by a 
particle hole transformation. Performing a canonical transformation Ci,a <^ cj ^ in the Kubo formulas for models of 
lattice fermions (see e.g. [2] Eqn(l,2) ) yields: 

Rnin, t, uj, T) = -Rh{'2. - n, ~t, uj, T). 

The crucial overall minus sign arises from the fact that the Hall constant involves a three current propagator, and 
each current picks up a minus sign under the transformation. Incidentally this identity results in a vanishing at half 
filling for bipartite lattices of the Hall function (1, w, T) for any value of T, and the interaction strength. 

The changed sign in Eq(3') has a few implications which we would like to state explicitly. The recent experiment 
of Wang, Rogado, Cava and Ong [3] on the transport Hall constant, actually sees the predicted linear T behaviour 
over a wide temperature range 2Q(fK < T < 400°-?^ with a positive slope. From Eq(3') above, we deduce that the 
appropriate t — J model description of the system has t < 0, i.e. belongs to case B(ii) in our notation, at least at the 
composition x ~ .7. 

We note that with this correction, the sign of the hopping t suggested by our calculation is the same as the one 
favoured by Refs [4,5], at least for the non superconducting range x ~ .7. In this composition range, photoemission 
data [6,7] also suggest the same sign of t, with an unoccupied region around the center of Brillouin zone, namely the 
r point. 
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Superconductivity in C0O2 Layers and the Resonating Valence Bond Mean Field 

Theory of the Triangular Lattice t-J Model 
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Brijesh Kumar and B. Sriram Shastry 
Department of Physics, Indian Institute of Science, Bangalore 560012, India. 

Motivated by the recent discovery of superconductivity in two dimensional C0O2 layers, we 
present some possibly useful results of the RVB mean field theory applied to the triangular lattice. 
An interesting time reversal breaking superconducting state arises from strongly frustrated interac- 
tions. Away from half filling, the order parameter is found to be complex, and yields a fully gapped 
quasiparticle spectrum. The sign of the hopping plays a crucial role in the analysis, and we find that 
superconductivity is as fragile for one sign as it is robust for the other. Nai:Co02 ■ J/H2O is argued 
to belong to the robust case, by comparing the LDA fermi surface with an effective tight binding 
model. The high frequency Hall constant in this system is potentially interesting, since it is pointed 
out to increase linearly with temperature without saturation for T > T degeneracy 



PACS number: 74.20.Mn, 74.20.Rp, 71.27.+a, 71.18.+y 



I. INTRODUCTION 

The recent discovery of superconductivity at low tem- 
peratures in C0O2 layered compounds [1] is an exciting 
event, since it may be the long sought low temperature 
RVB superconductor, on a lattice which was at the basis 
of Anderson's original ideas on a possible quantum spin 
liquid state [2]. Ahhough the spin-1/2 triangular lattice 
appears to have better states with three sublattice mag- 
netic order, it is possible that the RVB state is attained 
for sufficiently high doping, and it seems to be both use- 
ful and worthwhile to explicitly state the detailed results 
of the RVB ideas applied to this lattice so as to serve as 
a reference point for further experiments that are surely 
forthcoming shortly. 

Another reason why the triangular lattice is important 
is that there exists a very complete and highly nontrivial 
set of ideas having their origin in the Fractional Quan- 
tum Hall physics that have been theoretically applied 
to the triangular lattice by Kalmeyer and Laughlin [3]. 
Their picture of a m=2 FQHE state of interacting hard- 
core bosons (viz the spin-1/2 particles ), leads to anyonic 
particles on doping and to a Meissner like time reversal 
breaking state. Such a state can be alternately viewed in 
the language of the flux phases, where Anderson, Shas- 
try and Hristopulous [4] and also Reference [5], showed 
its equivalence to a flux ■n/2 per triangle state . Sys- 
tematics of the doping dependence of the optimum flux 
have not apparently been done, and presumably that is 
another interesting area to pursue in the present context. 

Earlier weak coupling results on superconductivity in 
the triangular lattice [6] were motivated by experiments 
on organic superconductors. A recent high temperature 
expansion study of the t-J model on the triangular lattice 
estimates the total entropy and magnetic susceptibility 
as a function of temperature and doping [7] . 

In the present work, we perform what seems to be a 
consistent and simple version of RVB theory, one which 



yields d-wave order for the square lattice [8] and also for 
the other recently interesting case of SrCu2(B03)2 [9]. 
Earlier calculations have been done by other authors in a 
similar spirit to ours. Reference [5] is confined to half fill- 
ing, and a recent preprint by Baskaran [10] makes some 
qualitative points that are common to our calculations. 
Within this version, we evaluate the case of positive as 
well as negative hoppings since these are so very different 
in their physical content. Using the particle- hole trans- 
formation for fermions, we may define two broad cases of 
interest: 

• Case A: Here we have either 

(i) t > and electron doping, or 

(ii) t < with hole doping, and 

• Case B: where we have either 

(i) t > and hole doping, or 
(u) t < and electron doping. 

Here we note that the hamiltonian of the t-J model is 
written in the standard form : 

rLiU-i 



H 



E 

<i,j>,(7 



Vclc.^V + J ^ (S, 

<ij> 



(1) 



where V stands for the Gutzwiller projection due to large 
U, and the summation is over nearest neighbors. The 
notation of hole and electron filling is relative to half fill- 
ing in the effective one band model for this system, and 
as usual, 5 = \1 — n\, where n is the electron concen- 
tration. This model incorporates both electronic frus- 
tration and spin frustration through the kinetic and the 
exchange energies. The former favors Nagaoka ferromag- 
netism for Case A (see later), while the frustrated an- 
tiferromagnetic exchange J competes against it for both 
cases. The use of an antiferromagnetic exchange is moti- 
vated by the observed Curie Weiss susceptibility with a 
negative Curie Weiss temperature [11], and though sur- 
prising in the event of a 98° Co-O-Co bond angle, is not 
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without precedent, since CuGeOs with the same bond 
angle has also an AFM J (~ 120°K) [12]. 

A first step in the direction of identifying an effective 
one band model is in the work of Singh [13], whose LDA 
calculation of the band structure shows that the fermi 
energy for the case of NaCo204 is in a tight binding 
like set of states of t2g symmetry, in the close prox- 
imity of and slightly above a sharp peak in the elec- 
tronic density of state. We interpret this as an ex- 
ample of Case A(i) above, since the fermi surface for 
triangular lattice tight binding band structure, e(k) = 
— 2t(cos(fcx) + 2cos(fcx/2) cos(\/3fcy/2), gives a density 
of states (DOS) (see Figure 1) with a prominent peak 
near the fermi level for Nao.5Co02 as well as the extrem- 
ity of the band, and to the extent that the low energy 
structures are irrelevant, this matches the LDA DOS 
[14]. We return to discuss this issue in the summary 
section. The fiduciary Mott insulating state from where 
the hole/electron doping is measured, is the case of pure 
C0O2 on a triangular lattice. This particular system has 
apparently not been realized experimentally so far due to 
a lattice structure change. 
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FIG. 1. The density of states for the triangular lattice tight 
binding hamiltonian, and locations of various systems. 



II. A FEW REMARKS ON FERROMAGNETISM 
AND THE HALL CONSTANT IN THE 
TRIANGULAR LATTICE 

Before describing the RVB calculation, we recount a 

few remarkable features of the triangular lattice Hub- 
bard and t-J model physics, that may be useful in future 
studies. 



A. Ferromagnetism 

Singh has noted that the LDA calculations of NaCo204 
show an instability of the paramagnetic state towards a 



ferromagnetic state. Indeed this is exactly what one ex- 
pects from the Nagaoka physics on the triangular lattice 
as shown by Shastry, Krishnamurthy and Anderson [15], 
who pointed out that while Case B above is highly detri- 
mental to ferromagnetism in the infinite U limit, Case 
A highly favors the ferromagnetic state. This follows 
from a stability analysis of the low energy excitations 
of the state. Ferromagnetism is the fate of the Case A, 
t-J model at J = for essentially all fillings. At low 
dopings, turning on a sufficiently strong antiferromag- 
netic J removes the Nagaoka instability, for some range 
of hole doping. We argue below that in this very dop- 
ing range, the RVB superconducting phase emerges in- 
stead. At higher doping, i.e. in the high electron den- 
sity limit of Case A(i), J becomes irrelevant. For an 
almost filled band, with the fermi energy near a peak 
in the DOS (as in transition metal ferromagnetism) the 
work of Kanamori and Galitskii predicts ferromagnetism. 
Thus notwithstanding the results of the RVB state, we 
must expect metallic ferromagnetism in the case when 
the electron doping is high in Case A(i). The observa- 
tion of ferromagnetism in Nao.75Co02 [16] is consistent 
with these arguments, while being enigmatic in that the 
high temperature susceptibility shows a negative Curie 
Weiss temperature. 

B. High Frequency Hall EfTect 

A fascinating property of the triangular lattice was 
noted in Reference [17]. The high frequency Hall con- 
stant R"^ is amenable to a lattice walk expansion. It can 
be expressed in terms of loops encircling a flux, and man- 
ages to capture the Mott Hubbard aspect of the problem, 
such as a vanishing "effective Hall carrier density" near 
half filling on the square lattice. The resulting high fre- 
quency Hall constant, in Mott Hubbard systems is not a 
measure of carrier density, unlike in simple conductors, 
but encodes complicated correlations of the miderlying 
system. The topology of the lattice plays a critical role in 
determining this object, since it depends upon the length 
of the closed loops, and the triangular lattice was noted 
to be exceptional in having the smallest length of a closed 
loop, with an odd number of steps namely 3, leading to a 
very different behaviour from say the square lattice. A 
calculation for the triangular lattice in the case of hole 
doping yields 

Here |e] is the magnitude of the electronic charge and v 
is the physical (three dimensional) unit cell volume con- 
taining one cobalt ion, which from Reference [1] may be 
estimated to be 67.71 x 10"^'' cm^ [18]. We remark that 
this result is computed in the case of hole doping and 
either sign of hopping "t", i.e. Case A(ii) or B(i), and 
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in comparing with electron doping, A(i) or B(ii), one 
must use the usual rules for particle-hole transformation 
t ^ — t as well as S = |1 — n|. This leads to the following 
expression for i?^ in the case of electron doping, 



Rl 



knT 1 



H 



3| t 5{l-6) 



(Cases A(i) or B(u)). (3) 



The expressions in Equations 2 and 3 are valid when tem- 



perature, T>T, 



degeneracy 



\t\. Since Td, 



egeneracy 



seems 



so low in these systems, as evinced by the strong Curie- 
Weiss behavior, this result, so remarkable in its absence 
of saturation in temperature, seems worthwhile to check 
experimentally. This could also be used to experimen- 
tally determine the magnitude as well as sign of "t" for 
an effective one band system. The distinction between 
the transport and the high frequency Hall constants is 
argued to be through a weakly frequency and tempera- 
ture dependent self energy, and hence it is possible that 
the transport measurements are also anomalous in the 
same sense [19]. 



III. THE RVB CALCULATION AND ITS 
DETAILED PREDICTIONS 

A. Mean field equations 

The 'J' term in Equation 1 can be re-written as 



b-jbij, where the bond operator, b. 



t 



)/\/2, is a singlet pair creation operator acting on 
a pair of sites i and j. The RVB mean field calculations 
are carried out by defining a complex order parameter, 
Aij = (bij). On the triangular lattice, we have three dif- 
ferent nearest neighbor bonds, one along say x-direction 
and the other two at an angle of 7r/3 and 27r/3 with x- 
axis. We consider a simple situation where the |Ay | — A 
along all bonds, but three different phases are allowed 
along three kinds of bonds. Since one of the phases can 
be gauged away, only two (relative) phases are sufficient. 
We assign zero phase along the x-direction, 6 and 4> along 
the 7r/3 and 27r/3 directions, respectively. In momentum 
space, this choice of mean field order parameter leads to 
the following k-space function, D(k), which carries the 
order parameter symmetry information. 

D(k) = cos(fc:r) + e'" cos(fc:r/2 + V5ky/2) 

+ cos(/e^/2 - %/3fcy/2) (4) 

The effect of projection of double occupancy on hop- 
ping is accounted for by a simple approximation where 
t is replaced by i(5, with 6 being the hole concentration. 
Our calculations have been done only for hole doping 
case, but for both t > as well as i < (Cases B(i) and 
A(ii)). The case of electron doping can easily be related 
to these calculations by particle-hole transformation, as 
described earlier. 



We get two mean field equations, one for A and the 
other for /i, the chemical potential. These are : 



A 



— E^tanh(M) 



6JL ^ dA 

k 



s = - 



lV^tanh(«) 



(5) 
(6) 



Here, E(k) = y'(e(k) - + 2j2 A2|D(k)|2 , D(k) is 
given in Equation 4. 



B. Order parameter and Quasiparticle spectrum 

We solve Equations 5 and 6 self-consistently for given 
values of i5 and i, and for different choices of and (p. All 
energies are measured in units of the exchange coupling, 
J. 

First, we perform the computation at T=0, and find 
the values of 9 and at different hole concentrations, 
for which the ground state energy is minimum. This 
fixes the symmetry of the mean field order parame- 
ter. At (5 = 0, the ground state energy is lowest for 
(6»,0) = (0,±7r/2) and (6*, 0) = (±7r/2,0), in contrast to 
the case of (6', (/>) = (27r/3, 47r/3) of Reference [5] which 
has slightly higher energy. At half filling, the ground 
state has a lower symmetry of cubic type rather than 
the six-fold rotational symmetry of the triangular lattice. 




FIG. 2. The mean field energy density surface as a func- 
tion of the internal phases, 6 and </> (in units of n) of the 
order parameter. The minima occur at six corner points of 
the Brillouin zone. 

Away from half filling, the ground state energy 
is lowest at (6',(/>) = (27r/3, 47r/3),(47r/3, 27r/3) and 
(27r/3, — 27r/3). Three other phase-points, which are 
related to these via inversion with respect to origin, 
are equivalent, and together these six minimum energy 
phase-points reflect the symmetry of the Brillouin zone. 
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Figure 2 shows the mean field energy density plotted as 
a function of and </>. In rest of the calculations, we just 
choose one of these points to perform the computation. 

At — 27r/3 and = 47r/3, for various values of t, 
the mean field A is computed as a function of hole con- 
centration, as shown in Figure 3. A decreases rapidly 
for t > rather than for i < 0, as the hole concentra- 
tion is increased. The larger magnitude of A as well as 
the greater doping range suggests that Case A, that is 
" f < and hole doping " or " i > and electron dop- 
ing ", presents a more robust case for the RVB state of 
superconductivity, as compared to the Case B. 
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FIG. 3. The mean field A as a function of the hole concen- 
tration, 5, for both positive and negative t in units of J. 

The resiilts of this low temperature mean field theory 
should be contrasted to those of the high temperature 
series results of Ref( [7]), who interpret their extrapo- 
lated results to imply lower entropy at low temperatures 
(kT < \t\) for Case B, and hence perhaps greater ten- 
dency towards some (non ferromagnetic) ordering. Fur- 
ther work needs to be done to reconcile these findings. 

Next we present the quasi-particle dispersion and the 
quasi-particle density of states from our mean field cal- 
culations. These calculation are done for a physically 
relevant value of (5 ~ 0.35 at which superconductivity is 
observed in Naa;Co02 • 2/H2O [1]. The cobalt oxide layer 
alone acts as a half filled system in the effective one band 
picture, therefore the carrier concentration in excess to 
the half filled case is just x. 

Both the quasi-particle dispersion and the density of 
states, in Figures 4 and 5 respectively, show an en- 
ergy gap in the spectrum. The reason lies in the 
fact that function D(k) is complex. For {6, (f)) = 
(27r/3,47r/3), the function D(k) = di — id^, where 
d\ = cos{kx) — cos(fca;/2) cos(-\/3fcj^/2) and d2 = 
\/3sin(fca;/2) sin(-\/3fcj,/2). Thus om- results are akin to 
the dx2-y2 + idxy symmetry case in the cuprates. 

The modulus of D(k) is non-zero at all points in the 



Brillouin zone, except at six zone corner points, that is 
(27r/3, -27r/3), (27r/3, 47r/3) etc and the origin. Though 
e(k) — n has contour of zeros within the Brillouin zone, 
the chance of six corner points lying on this contour of 
zeros is almost zero. This point is clear in Figure 6, where 
|D(k)| and e(k) — n are plotted along three symmetry di- 
rections of the Brillouin zone. The gap for t = — 1 and 
—2 is approximately 0.2J and O.IJ, respectively. 

The gap |A|) decreases with increasing \ t\as already 
noted. We mention that the quasi-particle spectrum is 
gapped for t > as well, but the gap is very small around 
the doping of our interest. In fact for reasonable values 
of t (say, 3) it is zero, precisely because A = 0. Thus, 
Case B does not favor RVB solution for large dopings, 
say 0.3 or beyond. 
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FIG. 4. The quasi-particle dispersion, E(k). The coordi- 
nates of r, M and K symmetry points in the Brillouin zone 
are given in units of tt. The coordinates {ki,k2) given here 
arc such that ki = kx and k2 = {kx + VSky)/2, where kx and 
ky are the usual k-space variables along x and y directions. 
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FIG. 5. The quasi-particle density of states. 

We have also calculated temperature at which the 
mean field order parameter A vanishes for different values 
of S. It helps us understand the broad nature of thermo- 
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dynamic phase diagram in T-5 plane. Figure 7 shows the 
transition temperatures for different hole concentrations 
for which A vanishes. 
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FIG. 6. The dashed line is for the |D(k)| and the solid line 
is for (e(k) - //)/2M. 
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FIG. 7. T is in units of J. The case with t > for 5 ~ 0.35 

is not very robust for the RVB mean field theory whereas 
i < is favourable. 

The question of RVB superconductivity needs a little 
more care than what we have given so far. The mean 
field A, though a pairing order parameter, doesn't by 
itself imply superconductivity. For example at half fill- 
ing A is non-zero, but it is insulating. The identification 
of the superconducting phase in T-^ diagram can, how- 
ever, be done within the frame work of the slave boson 
approach. This approach has been quite popular in the 
RVB theories of t-J model on square lattice [22]. Here 
the physical electron operator, = where / is the 
spin- 1/2 neutral fermion, and h is the spin-0 charged bo- 
son, and the projection of double occupancy is in-built 
into the construction. 

The superconducting order parameter (c^^c^) ^ 
(66) (/V^) is a product of spin pairing order parameter 



and a bose condensation factor. What wc have got from 
the mean field calculation is essentially the spin-pairing 
order parameter. The true superconducting order pa- 
rameter is Agc" ^ ^bA, where A is the mean field or- 
der parameter. The bose condensation temperature for 
h bosons (for Fb to be non-zero) needs to be estimated 
separately. That region of T-(5 diagram, where both Fb 
as well A are non-zero, can be interpreted as the RVB 
superconducting phase. There are three more typical re- 
gions according to this interpretation : (1) Spin-gap : 
A ^ and Fb = 0, (2) Strange metal : A = Fb = 0, 
and (3) Normal metal : A = and Fb ^ 0. With this 
qualitative picture in mind, we will present a rough phase 
diagram for the cobalt oxide superconductors. 

Let us briefly mention how we estimate the bose con- 
densation temperature, Tbc, for the bosons. There are 
other ways [22], but we discuss our roughly equivalent 
prescription. The h bosons, at the level of mean field 
decoupling, will effectively have the same band struc- 
ture as that of the tight binding electrons on triangular 
lattice. Therefore, the Tbc, is defined as a tempera- 
ture at which the boson chemical potential tends to be 
the band's bottom. Since free bosons can not condense 
in two dimensions, we will take the case of three di- 
mensional band structure with a large c-axis anisotropy. 
Around the band's bottom, the energy dispersion can 
be approximated as c*(fc^ + k1/^). The curvature, c*, 
is related to the two dimensional density of states at 
the band edge, p* as : c* ~ Now, using the 

fact that free boson can condense in three dimensions, 
5 = i5^^1/(e^«<^(<'')-«"''") - 1). Simplifying it for 
7 ^ 7r/4, we get 



p*2 + log(47/7r) 

Since the anisotropy affects only logarithmically, we can 
safely take some large value for 7 ~ 100, especially when 
the real system is a good quasi two dimensional system. 



C. Phase Diagram 



Here, we propose a rough phase diagram for triangular 
lattice, layered cobalt oxide materials over a wide range 
of doping based upon our calculation in the scheme of 
Case A(ii) as shown in Figure 8. This phase diagram en- 
compasses a number of interesting phases, including the 
recently observed superconducting phase. We will briefly 
describe each of the labelled region in Figure 8. 
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FIG. 8. The mean field phase diagram for t — — 3J and 
(e,0)=(2V3,47r/3). 

The exchange coupling J is estimated from the high 
temperature susceptibility data [11] for Nao.5Co02- Its 
Curie Weiss temperature is approximately — 118K which 
gives 79K. For doping 6 — 0.35, the for transi- 
tion into an RVB superconducting state is approximately 
lOK, compared to the measured Tc ^ 5K [1]. An im- 
portant prediction for the superconducting phase is the 
existence of an energy gap in the quasi-particle spectrum. 
It arises because the superconducting order parameter is 
complex, with relative internal phases 2n/3 and 47r/3 
thus avoiding the possibility of generic vanishing of the 
gap along lines or points in the momentum space. The 
optimal doping seems to be around 0.15. 

On the higher side of the doping S 0.5 in Figure 8, 
we expect the RVB superconducting state to become un- 
stable in favor of a ferromagnetic metallic state where ei- 
ther the Nagaoka or the Kanamori ferromagnetism plays 
a dominant role. We call S — 0.5 (electron concentra- 
tion, n = 1.5) as the Nagaoka-Kanamori line, as the 
rough location where the Nagaoka physics of the doped 
Mott state transmutes into the Brueckner type Kanamori 
physics of multiple scattering in an almost filled band. 
The precise location of the phase boundary between the 
superconducting and the ferromagnetic state is difficult 
to predict from the present calculation, since the RVB 
mean field theory is not particularly accurate in getting 
the absolute numbers for various states. We present only 
a guide to the eye in our phase diagram. At sufficiently 
high temperatures, we expect ferro-metal to para-metal 
transition across the Nagaoka-Kanamori line which can 
be estimated from the spin stiffness of the quasi 2-d fer- 
romagnet. Apart from the above mentioned important 
phases, one may expect spin-gapped phase in the low 
doping, low temperature regime, since that is where ex- 
change interaction will play more decisive role. The three 
sublattice antiferromagnetic phase of the triangular lat- 
tice AFM is likely to persist for small doping. We also 
expect a strange metallic phase to exist at moderate dop- 



ing, but only at higher temperatures. 

We next also present, in Figure 9, the mean field phase 
diagram for Case B(i). Though Case B is less favourable 
than Case A, it does yet achieve the RVB superconduct- 
ing phase for small values oi t J or smaller; see Fig- 
ure 7). Since the value of \t\ in these cobaltates is be- 
lieved to be rather low, it seems appropriate to record 
the results for Case B also. 
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FIG. 9. The mean field phase diagram for t — J and 
(e,<^) = (2V3,47r/3). 

This phase diagram is a simpler version of the mean 
field phase diagram for Case A(ii), with the symbols hav- 
ing the same meaning. The possibility of a ferromagnetic 
phase does not arise in this case, leading to its simplicity. 
Here we find Tc ^ 6K at 0.35 hole concentration. The 
optimal doping and the maximum Tc are similar to those 
of Case A, but Tc falls off more rapidly for S > 0.15. 



IV. SUMMARY 

To summarize the work presented here, we have per- 
formed an RVB mean field theory on the triangular lat- 
tice inspired by the recent discovery of the superconduc- 
tivity in cobalt oxide layered materials. 

Our use of a single band model in the present context 
needs a word of justification. The LDA band structure 
for Nao.5Co02 [13,14] indicates the possibility of a com- 
petition between two bands for the fermi level on moving 
away from that doping in either direction. One would 
conclude that Sc ~ 0.5 if the bands are held rigidly un- 
der doping, since at this filling the fermi level tangents 
the (filled) band emanating from the F point in Fig.l of 
Reference [13]. The systems at different dopings would 
have their fermi levels in different bands. These would 
then correspond to (1) Case A(i) for 6 < Sc i.e. electron 
like and (2) B(ii) for 6 > Sc, i.e. hole like. A "one band 
model" appears to be justifiable provided one is suffi- 
ciently far from 6c- In view of the uncertainty in the ex- 
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act location of 5c, wc have presented the resuhs for both 
signs of t above. While photoemission may shed light 
on this issue, its interpretation needs caution in view of 
the remarkable possibility that the observed renormalized 
fermi surface in strongly correlated systems could differ 
drastically in shape from the hare fermi surface, that has 
emerged from recent numerical work [20,21]. Our con- 
cern in this work is with the "bare fermi surface" , i.e. 
with the sign of the hare t. 

We argue that the superconducting material 5 = 0.35 
corresponds to an effective one band case with t>Q and 
electron doping, i.e. A(i). This is logical since a filling of 
5 = 0.35 seems far enough from any reasonable Sc- Sev- 
eral detailed results are presented. We find the symmetry 
of the superconducting order parameter, and predict the 
existence of an energy gap. We also present an approxi- 
mate phase diagram for the cobalt oxide superconductor 
in the T-5 plane. 

In the more interesting Case A, there is a competi- 
tion between ferromagnetic order and superconductiv- 
ity. Our low temperature RVB superconducting phase 
basically arises in the doping range where Nagaoka fer- 
romagnetism is suppressed by the antiferromagnetic J. 
The superconductivity found here may thus be viewed 
as arising from what may be termed total frustration , 
i.e. from the competition between competing terms, the 
frustrated electronic motion that weakly prefers Nagaoka 
ferromagnetism, and the frustrated spin exchange that 
prefers either no long ranged order ( i.e. a short ranged 
RVB type state) or a doping weakened three sublattice 
order. 

One major assumption in this work is that the scale 
of t is not too different from J which is estimated to be 
around 79K. This estimate is at odds with the LDA es- 
timate of the band width by two orders of magnitude, 
and thus we cannot claim to have "explained" the low 
degeneracy temperature scale, we have merely assumed 
it and worked out the consequences for other properties. 
Indeed the emergence of a low energy scale in these sys- 
tems seems to be a central problem of the cobaltates. 

Finally we have presented our results for the high fre- 
quency Hall constant R"^. This is predicted to grow lin- 
early with temperature without saturation, and the slope 
depends in a known way on t and the filling. The fill- 
ing dependence g^^^g^ should be readily testable. The 
explicit expressions enable one to extract the hopping 
matrix element t. The unusual behaviour of the Hall 
constant is a special property of the triangular lattice, 
having to do with its unique topology of smallest length 
of closed loops, with odd length. Our results are valid for 
high temperatures ( /cbT » \t\ ). Remarkably enough, 
this condition appears easy to fulfill in the cobaltates, 
and hence it should be possible to utilize these results 
to extract basic parameters for the system from high fre- 
quency Hall experiments. Our result might also be useful 



in interpreting transport Hall data. 
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